Introduction
The tumor microenvironment (TME) plays a critical role in the ability of tumor cells to successfully establish themselves in tissues [1] . Several cell types comprise the TME stroma, including fibroblasts, endothelial cells, macrophages, neutrophils, and B and T cells [2] . Interactions between stromal cells and tumor cells support tumor growth and metastasis [3] . Macrophages are one of the key cellular constituents of the TME, and serve to suppress T cell immune responses, stimulate tumor angiogenesis, promote tumor metastasis, and generate additional genomic instability [4, 5] . The recruitment of monocytes to tumors in response to tumor-derived chemokines, in particular CCL2, is associated with aggressive tumor growth and metastasis [6, 7] . Immature monocytes are also precursors of tumor-associated macrophages (TAM), which have an immune-suppressive phenotype [8] .
Abstract PD-L1 is an immune checkpoint protein that has emerged as a major signaling molecule involved with tumor escape from T cell immune responses. Studies have shown that intra-tumoral expression of PD-L1 can inhibit antitumor immune responses. However, it has recently been shown that expression of PD-L1 on myeloid cells from the tumor is a stronger indicator of prognosis than tumor cell PD-L1 expression. Therefore, it is important to understand the factors that govern the regulation of PD-L1 expression on tumor-infiltrating myeloid cells. We found that immature bone marrow monocytes in tumor-bearing mice had low levels of PD-L1 expression, while higher levels of expression were observed on monocytes in circulation. In contrast, macrophages found in tumor tissues expressed much higher levels of PD-L1 than circulating monocytes, implying upregulation by the tumor microenvironment. We demonstrated that tumor-conditioned media strongly induced increased PD-L1 expression by bone marrow-derived monocytes and TNF-α to be a cytokine that causes an upregulation of PD-L1 expression by the monocytes. Furthermore, we found production of TNF-α by the How TAM suppress tumor immunity is currently an area of intense research interest, and a number of investigations have focused on checkpoint molecules expressed by TAM as a means of negative regulation of T cell function [9, 10] . One key molecule in this T cell suppressive pathway is programmed cell death 1 ligand 1 (PD-L1), which is a transmembrane protein with an IgV and IgC extracellular domain and a short cytoplasmic tail [11] . Ligation of PD-L1 to its receptor programmed cell death 1 (PD-1) on T cells suppresses T cell activation and proliferation, and under normal conditions, functions to maintain peripheral tolerance [12, 13] . Activation of PD-1 by PD-L1 also suppresses B cell production of antibodies and NK cell lytic activity, and binds CD80 to deliver an inhibitory signal to T cells [12] [13] [14] . Thus, the primary role of PD-1/PD-L1 signaling is to limit the activity of the immune system as a means of self-regulation [15] . In addition, PD-L1 is also expressed in many tumors where it suppresses ongoing anti-tumor T cell immunity [16] [17] [18] [19] [20] [21] . In the presence of high levels of PD-L1 expression in tumor tissues, tumor infiltrating T cells become functionally inactivated and lose the ability to effectively control tumor growth [22] .
However, tumor cells are not the only cells in the tumor to express PD-L1. For example, some studies have reported that PD-L1-expressing macrophages were more abundant than PD-L1 expressing tumor cells in tumor biopsy specimens from patients with melanoma, renal cell carcinoma, non-small cell lung, head and neck carcinoma, and colorectal tumors [9, 10] . Despite this fact, little is known about how PD-L1 expression by macrophages is regulated, and specifically how the tumor microenvironment influences PD-L1 expression by TAM.
For tumor cells, IFN-γ is considered the primary cytokine reported to upregulate PD-L1 expression, as evaluated with human, murine, and canine tumor cell lines [19, 23, 24] . However, other cytokines have been found to also upregulate PD-L1 expression. IL-4 and TNF-α were found to synergistically upregulate PD-L1 on certain human cancer cell lines [25] . In another study, monocytes were found to upregulate PD-L1 in response to IL-10 and IL-32γ, and TGF-β induced upregulation of PD-L1 expression on B cells [26] . Thus, other cytokines produced in the tumor microenvironment may exert a significant influence on local PD-L1 expression by TAM.
In the present study, we addressed the questions of how PD-L1 expression changed over time during macrophage differentiation from monocytes to mature macrophages, and which cytokines produced in the local tumor microenvironment were responsible for maintaining high levels of PD-L1 expression by TAM. We found that the level of PD-L1 expression by monocytes and macrophages steadily increased as the cells matured from monocytes in the bone marrow and bloodstream to mature macrophages in tissues. Surprisingly, endogenous IFN-γ production was found not to be required for maintenance or upregulation of PD-L1 expression on macrophages in tumor tissues. Instead, we found that endogenous production of TNF-α by tumor-infiltrating macrophages was the more important driver of PD-L1 expression by TAM. Moreover, the source of TNF-α production was macrophages themselves, in response to versican produced by tumor cells. These tumor-derived factors led to upregulated PD-L1 expression in a TLR2-dependent fashion. Taken together, these findings suggest that PD-L1 expression by TAM is regulated both by developmental age of the cells and by locally produced inflammatory cytokines, especially TNF-α. The relevance of these findings to current PD-1 and PD-L1 targeted immunotherapies for cancer is also discussed. 
Materials and methods

Mice and tumor models
Tnfrsf1b
tm1Imx /J) bred on the C57Bl/6 background were acquired from Jackson Laboratories (Sacramento, CA), as were BALB/c mice. C57Bl/6 were inoculated s.c in the flank with 1 × 10 6 B16.F10 melanoma cells in 100 ul PBS (Gibco, Grand Island, NY). BALB/c mice were inoculated similarly with 4T1 mammary carcinoma cells. According to the study IACUC protocols, the mice were humanely euthanized when the tumor diameters reached 10 mm or less. Tumor area was determined the day the mice were euthanized, with tumor area calculated as length x width in mm.
Murine cell lines
B16.F10 melanoma cells and 4T1 mammary carcinoma cells were obtained from ATCC (Manassas, VA). These cell lines were screened by PCR to ascertain that they were of murine origin [27] .
Tissue preparation for flow cytometry
Mice were euthanized before spleens and tumor tissues were harvested. Tumor tissues were minced with fine scissors, then digested with collagenase (Sigma Aldrich, St. Louis, MO) for 30 min at 37 °C and filtered to obtain a single cell suspension. Spleen cells were collected by forcing cells through 70 micron filters with cell culture medium. Tissue and blood samples were lysed with ammoniumchloride-potassium (ACK) lysis buffer (0.5% Phenol Red solution, 150mM ammonium chloride, 10 mM potassium bicarbonate, 0.1 mM disodium salt dihydrate) and the remaining cells were washed with cell culture medium in preparation for flow cytometric staining.
Bone marrow collection and monocyte enrichment
Bone marrow was collected from tibias and femurs by forcing cells out of the marrow cavity, using tissue culture medium and a 25# needle. The bone marrow cells were then lysed with ACK lysis buffer and washed with medium before plating in 24-well polystyrene cell culture plates (Falcon, Durham, NC) for the selection of adherent monocytes. Adherent bone marrow-derived monocytes were then harvested by pipetting with ice-cold 2 mM EDTA in PBS (Gibco).
Generation of conditioned medium
Tumor cells were cultured in the same cell culture medium described previously. To generate tumor-conditioned medium, tumor cells were seeded into 24-well plates at 75,000 cells/ml and conditioned medium was collected 24 h later. The CM was then centrifuged to remove any remaining cells.
Co-culture studies and conditioned medium effects on monocyte PD-L1 expression
Bone marrow-derived monocytes were selected by adherence as described above and washed with PBS. Tumor cells at 50,000 cells/ml or tumor CM at 50% were added to cultures of bone marrow-derived monocytes. After 18 h of culture, monocytes were harvested as described above and processed for flow cytometry. These culture conditions routinely yielded monocyte cultures that were at least 80-90% pure.
Flow cytometry
Cells prepared from tumor and liver tissues, as well as bone marrow-derived monocytes, blood monocytes, and TAM were obtained as described above and placed in FACS buffer for immunostaining. Nonspecific antibody binding was blocked by addition of normal mouse serum and 0.01% Fc-specific antiserum (CD16/32, clone 93, eBioscience, San Diego, CA).
Cells were immunostained with the following antibodies: CD45 Pacific Orange (Clone 30-F11) from Invitrogen (Grand Island, NY) to identify hematopoietic cells, and with PD-L1 PE (clone MIH5), CD11b Pacific blue (clone M1/70), F4-80 APC (clone Cl:A3-1), Ly6C biotin (AL-21), Ly6G Alexa 488 (clone 1A8), CCR2 APC (clone 475,301), and CD11c FITC (clone N418). Cells were also stained with appropriately matched isotype antibodies to assure specificity of immunostaining. All antibodies were purchased from eBioscience unless otherwise noted.
Prior to analysis, 7-AAD viability dye (eBioscience) was added to flow samples to exclude dead cells. Cells were analyzed using a Beckman Coulter Gallios flow cytometer (Brea, CA) and FlowJo Software (Ashland, OR).
In other experiments, intracellular cytokine expression was quantitated. To measure intracellular expression of TNF-α, the cells were initially stained for surface markers before fixation with paraformaldehyde (PFA), and permeabilization with 0.25% saponin. Cells were then washed and immunostained with an anti-TNF-α PE-conjugated antibody (clone MP6-XT22, eBioscience).
Cytokines for PD-L1 upregulation by monocytes and macrophages
The following recombinant murine cytokines were purchased from Peprotech (Rocky Hill, NJ): TNF-α, TGF-β, IL-10, MCP-1, IFN-γ, GM-CSF, and IL-3. Each cytokine was used at 10 ng/ml, according to the manufacturer's suggested working concentrations and based on titration studies done in our laboratory (data not shown). Bone marrowderived monocytes were stimulated with these cytokines for 24 h prior to analysis of PD-L1 expression by flow cytometry.
Neutralizing antibodies
A TNF-α neutralizing antibody (clone NF-7, Abcam, Cambridge, UK) was used at 5 ug/ml in tumor CM prior to treatment of monocytes with tumor CM. A rabbit polyclonal versican antibody (Santa Cruz, Santa Cruz, CA) was used at 200 ug/ml in tumor CM for 4 h at 4 C. This was followed by incubation of CM and anti-versican antibodies with protein A Sepharose beads (Abcam) overnight according to manufacturer's protocol for immunoprecipitation of antibodies. The beads were removed from the CM by centrifugation prior to CM being added to monocyte cultures.
ELISA
Cell culture supernatants were collected and centrifuged for the removal of cells. Cytokines were measured using specific ELISA kits for murine IFN-γ and TNF-α (R&D Systems, Minneapolis, MN), and assays were performed according to manufacturer directions.
Tissue immunofluorescence staining and imaging
Tumor tissues were harvested and fixed in periodate-lysineparaformaldehyde (PLP) for 24 h before transferring to a 30% glucose solution for another 24 h, all at 4 °C. Afterwards, tissues were embedded in OCT (Optimal Cutting Temperature compound), frozen at −80 °C, and cryosectioned to a thickness of 5 microns. The tissues were mounted on glass slides and blocked with 5% donkey serum for 30 min prior to staining.
For analysis of PD-L1 expression, we used an unlabeled antibody (clone 10F.9G2, BioXcell, West Lebanon, NH). For analysis of intracellular TNF-α expression, a directly conjugated antibody (clone MP6-XT22) and a matched irrelevant isotype control antibody from eBioscience were used. For detection of macrophages, an unconjugated F4-80 antibody (clone BM8) was used.
Antibodies for PD-L1 and F4-80 and their matched isotype controls were used overnight at 4 °C, followed by a donkey anti-rat antibody (Jackson Immunoresearch, West Grove, PA) for 30 min to detect primary antibody binding. For dual staining, antibodies for intracellular cytokines were diluted in 0.25% Saponin diluted in PBST overnight at 4 °C. Finally, the tissues were stained with DAPI to identify nucleated cells and coverslipped with Prolong Diamond mounting media (LifeTech, Carlsbad, CA) before imaging. Controls included immunostaining with appropriate concentrations of irrelevant isotype-matched antibodies.
Figures were then compiled using Adobe Photoshop.
Statistical analysis
Statistical comparisons between those data sets with two treatment groups were done using non-parametric t-tests (Mann-Whitney test). Comparisons between three or more groups were done using ANOVA, followed by Dunnet's or Tukey multiple means post-test. Analyses were done using Prism6 software (GraphPad, La Jolla, CA). For all analyses, statistical significance was determined for p < 0.05.
Results
Role of endogenous IFN-γ regulation of PD-L1 expression by monocytes and tumor macrophages
Our studies and those of others have found that IFN-γ can significantly upregulate PD-L1 expression by both tumor cells and macrophages [23, 28] . Using bone marrowderived macrophages and monocytes, we confirmed that exposure to IFN-γ resulted in significant upregulation of PD-L1 expression by monocytes, as well as by tumor cells (data not shown). Moreover, a previous investigation evaluated the role of endogenous cytokines in regulating PD-L1 expression by tumor cells and myeloid cells in vivo, and concluded that IFN-γ produced by inflammatory cells stimulated tumor cells to increase their PD-L1 expression [29] . However, this previous study did not conclusively assess the role of IFN-γ in regulating PD-L1 expression by tumor-associated macrophages.
Therefore, we used mice lacking expression of IFN-γ to address more fully the role of endogenous IFN-γ in regulating both tumor and TAM PD-L1 expression in vivo. B16.F10 tumors were grown in both WT and IFN-γ −/− mice (n = 5 per group), and tumor tissues were processed for flow cytometry for assessment of PD-L1 expression by tumor cells and TAM. We found that CD45 − tumor cells in IFN-γ −/− mice expressed significantly less PD-L1 than tumor cells obtained from WT animals (Fig. 1a) . However, macrophages in tumor tissues from WT and IFN-γ −/− mice expressed similar levels of PD-L1, based on both MFI and % positive analysis (Fig. 1b) . While these data confirm previous studies with respect to the essential role for IFN-γ in regulating tumor cell PD-L1 expression, the new findings suggested that PD-L1 expression by TAM was regulated in an IFN-γ-independent fashion.
Effect of monocyte maturation into macrophages on PD-L1 expression
We next sought to determine the role of monocyte differentiation into tissue macrophages on regulation of PD-L1 expression. For example, it is possible that macrophages in tumor tissues express higher levels of PD-L1 simply as a result of maturation-related changes. Therefore, we used flow cytometry to examine the level of PD-L1 expression by immature monocytes in bone marrow, circulating monocytes, and macrophages in normal and tumor tissues.
We found that indeed, the level of PD-L1 expression by monocytes increased as the cells age, with the lowest levels of expression in the bone marrow and the highest levels of expression observed in spleen and tumor tissues (Fig. 1c,  d ). PD-L1 expression was measured on immature bone marrow monocytes (CD11b . Importantly, in tumor tissues the more recently emigrated inflammatory monocytes (as assessed by higher levels of expression of CCR2 [6, 7] ) expressed higher levels of PD-L1 than resident macrophages, suggesting that the newly arrived monocytes further upregulated their PD-L1 expression once they reached tumor tissues. + cells in healthy mice and mice with tumors were compared statistically using a non-parametric t-test, and mean percentages of PD-L1 + cells in different tissues from healthy and tumor-bearing mice were compared using two-tailed ANOVA, with Tukey post-test. Groups means with statistically significant differences were denoted as * = p < 0.05, *** = p < 0.0005, and **** = p < 0.0001. Similar results were obtained in two additional, independent experiments
In vitro regulation of monocyte PD-L1 expression by tumor-conditioned medium
These findings suggested that factors produced locally in tumor tissues were responsible for upregulation of PD-L1 expression. To address this question, we developed a coculture system, in which immature bone marrow-derived monocytes were co-cultured with tumor cells, using transfer of conditioned medium (CM). We found that culture of monocytes with tumor CM resulted in rapid and significant upregulation of PD-L1 expression (Fig. 2a) . For example, exposure to as little as 25% CM triggered significant PD-L1 upregulation, and that the effect occurred within 18 h (data not shown). It was also observed that CM from certain tumor cell lines led to greater upregulation of PD-L1 than others (Fig. 2a) .
Cytokine production in tumor and monocyte co-cultures
Several secreted cytokines or growth factors were considered candidates for the secreted PD-L1 upregulation, based on previous work [25, 26, [30] [31] [32] , including GM-CSF, MCP-1, IL-10, IL-3, TGF-β, or TNF-α. To help Fig. 2 Effects of tumor cells, tumor CM, and cytokines on monocyte PD-L1 expression. a B16 and 4T1 tumor cells were grown as monolayers, then co-cultured with bone marrow-derived monocytes for 24 h, as described in Methods. In other studies, bone marrow-derived monocytes were cultured with CM from tumor cells. The effects of co-culture with live tumor cells or with tumor CM on monocyte PD-L1 expression was determined by flow cytometry. b Bone marrow-derived monocytes were prepared as described in Methods and incubated with the following murine recombinant cytokines (TNF-α, TGF-β, IL-10, MCP-1, IFN-γ, GM-CSF, and IL-3) at a concentration of 10 ng/ml. After overnight culture, the monocytes were collected and immunostained for flow cytometric analysis of PD-L1 expression. c Histograms of monocyte PD-L1 expression following exposure to TNF-α or IFN-γ. The percentage of PD-L1 + cells was compared between monocytes cultured in medium only and monocytes exposed to tumor cells, tumor CM, or cytokines using one-tailed ANOVA, followed by Dunnet's multiple means comparison. Statistically significant differences were denoted as ** = p < 0.005, *** = p < 0.0005, and **** = p < 0.0001. These data are representative of 4 repeated experiments with similar results identify the relevant factors, we first screened recombinant cytokines to identify those that most strongly upregulated PD-L1 expression in the bone marrow monocyte system (Fig. 2b) . Using this screen, we identified IFN-γ and TNF-α as potential candidate cytokines (Fig. 2c) . TNF-α is a strong regulator of monocyte PD-L1 expression [33] , and CCR2 + inflammatory monocytes are especially responsive to this cytokine (Fig. 3a) [34, 35] .
To directly address the role of each cytokine, neutralization studies were done. Here we found that neutralization of GM-CSF and IL-10 did not result in significant reduction in PD-L1 upregulation in response to tumor CM (data not shown). However, when tumor CM was treated with TNF-α neutralizing antibody, the upregulation of PD-L1 was significantly abrogated (Fig. 3b) . Furthermore, CCR2
+ monocytes showed significantly lower expression of PD-L1 in comparison to CCR2 − monocytes, supporting the previous experiment using exogenous recombinant TNF-α in that CCR2 + inflammatory monocytes were more sensitive to regulation by TNF-α (Fig. 3b) . These findings suggested therefore that TNF-α might be the more important cytokine in the tumor environment for upregulation of PD-L1 expression.
The concentrations of TNF-α in tumor and monocyte CM were then measured by ELISA, and these concentrations correlated with the degree of observed PD-L1 upregulation by co-cultured monocytes (Fig. 4a) . First, we found that CM from any of the cells alone contained undetectable concentrations of TNF-α, which indicates that tumor cells themselves were not the source of TNF-α production. Therefore, we examined TNF-α concentrations in the CM of monocytes that had been co-cultured with tumor CM. We observed high concentrations of TNF-α in the monocyte CM, suggesting production by the monocytes themselves. We also used intracellular staining and found TNF-α production by monocytes cultured with tumor CM (Fig. 4b) . In contrast, IFN-γ concentrations in the same CM were undetectable (data not shown). Thus, it appeared that tumor cells in culture spontaneously secreted a factor that stimulated monocytes to produce TNF-α, which in turn led to greater upregulation of PD-L1 expression.
Regulation of monocyte TNF-α production by tumor-secreted factors
Previous studies have described factors spontaneously secreted by tumor cells that led to TNF-α production by TAM [36, 37] . These factors were also reported to stimulate macrophages to produce TNF-α in a TLR2-dependent manner. Therefore, we first used TLR2 −/− bone marrow monocytes to elucidate the role of TLR2-dependent signaling in monocyte upregulation of TNF-α production, and ultimately PD-L1 upregulation. We found that monocytes unable to signal via the TLR2 pathway failed to secrete TNF-α and to upregulate PD-L1 (Fig. 5a) . Thus, this finding was consistent with a signaling pathway similar to that described previously for tumor-induced macrophage TNF-α production, leading to upregulated PD-L1 expression [36] . In addition, removal of versican from CM led to an abrogated upregulation of TNF-α production and PD-L1 expression compared to monocytes cultured with tumor CM alone (Fig. 5b) . These data suggest that versican is likely a primary mediator of TNF-α production and PD-L1 expression upregulation by monocytes. . Similar results were obtained in three additional independent experiments. Statistical comparison of TNF-α concentrations was done by twotailed ANOVA, followed by Tukey's multiple means comparison. Statistically significant differences were denoted as * = p < 0.05 and ** = p < 0.005
Cellular source of TNF-α production in tumor tissues and role of TNF-α in vivo
Finally, experiments were done to determine the in vivo source of TNF-α production within tumor tissues. Using tissues from subcutaneous B16 tumors, we found strong, constitutive expression of both TNF-α and PD-L1 throughout tumor tissues (Fig. 6a) . Co-localization studies revealed the source of TNF-α production was primarily F4/80 + macrophages, thus confirming in vivo the feedback loop described by our in vitro studies (Fig. 6b) . We also conducted studies using TNFR −/− mice to assess the role of TNF-α in regulating tumor grown in the B16 model. We found B16 tumors grown in TNFR −/− mice were significantly smaller than those grown in WT mice (Supplemental Figure) . Furthermore, there were significantly decreased numbers of PD-L1 + tumor-associated macrophages and dendritic cells but not tumor cells from TNFR −/− mice (Fig. 6c) , supporting the results observed with in vitro studies.
Discussion
Factors that regulate PD-L1 expression on TAM and monocytes have not been previously identified, which provided the impetus for the current study. In our investigations, we found that monocytes progressively upregulated PD-L1 expression as they matured and entered tumor tissues. In addition, we also identified a feed-forward loop regulating PD-L1 expression on TAM, wherein tumor-secreted versican triggered TNF-α secretion by macrophages. This in turn stimulated local upregulation of PD-L1 expression by the same macrophages. These findings suggest that PD-L1 expression by macrophages and monocytes in tumor tissues is regulated primarily by maturation and by locally produced TNF-α. Macrophage PD-L1 expression was largely independent of local IFN-γ production, in contrast to tumor cells, which were found to be much more dependent on IFN-γ for upregulated PD-L1 expression. These results provide therefore a clearer understanding of the regulation of PD-L1 in the TME.
Consistent with previous reports, we found that tumor cell PD-L1 expression was primarily regulated by endogenous production of IFN-γ [19, 23] , in as much as PD-L1 expression was significantly reduced in IFN-γ −/− mice (Fig. 1a) . However, expression of PD-L1 by TAMs in IFN-γ −/− mice was unchanged compared to WT animals. These findings suggested alternative, IFN-γ-independent mechanisms for regulation of PD-L1 expression on TAM and monocytes.
One mechanism regulating PD-L1 expression by macrophages identified in this study was cellular maturation.
For example, we observed that the level of PD-L1 expression (both in terms of the total percentage of PD-L1 + cells and the overall level of PD-L1 expressed by each cell) underwent significant upregulation as cells matured from bone marrow monocytes, to circulating monocytes, to macrophages in tumor and spleen tissues (Fig. 1b) . Thus, monocytes likely become more effective at downregulating T cell responses as they mature and enter tissues, which is consistent with the normal immune homeostatic role of the PD-1/PD-L1 axis [12, 13] .
Our investigations also revealed a previously unrecognized role for TNF-α in regulating PD-L1 expression by TAM. We found that TNF-α produced by monocytes themselves, in response to tumor-secreted versican, was the key cytokine responsible for upregulated PD-L1 expression on monocytes (Fig. 4) . The tumor-secreted versican triggered TNF-α production in a TLR2-dependent manner, consistent with the previously reported pro-inflammatory effects of tumor extracellular matrix proteins [36] . We also determined that less mature monocytes (pro-inflammatory CCR2 + monocytes) were more responsive to TNF-α than non-inflammatory, CCR2 − monocytes (Fig. 3) . This finding suggests that within the TME, newly recruited inflammatory monocytes are likely to be a major source of high level PD-L1 myeloid cells, which would have the greatest negative impact on tumor-infiltrating T cells. These pro-inflammatory, PD-L1 hi monocytes are also the most likely to be recruited in response to T cell-generated inflammation and CCL2 production, serving to counter-balance T cell inflammatory stimuli with anti-inflammatory immune regulatory responses [6, 7] .
Previous studies have reported that monocyte-derived IL-10 was an important stimulus for PD-L1 expression upregulation by human monocytes, and that TNF-α exerted only a marginal effect on PD-L1 expression [38] . In contrast, we found that IL-10 had little effect on monocyte PD-L1 expression, and that TNF-α was a very potent signal for PD-L1 upregulation. These differing findings may be explained by use of different monocyte populations (ie bone marrow vs blood) obtained using different culture techniques. In addition, it is also possible that the murine and human monocytes respond differently to IL-10 and TNF-α.
It was also reported previously that bone marrowderived macrophages could trigger upregulated PD-L1 expression by tumor cells upon physical contact, in a mechanism that that was reported to be dependent on contact between macrophage CD11b and tumor cells [39] . However, the results of this prior study could also be explained by tumor-induced secretion of macrophage . Mean percentages of PD-L1 + cells were compared using non-parametric t-tests, with * = p < 0.05 TNF-α, since their studies did not examine the effects of CM from the co-cultures on tumor PD-L1 expression.
In our studies, we found that tumor cells regulated monocyte PD-L1 expression via a contact-independent mechanism. TNF-α was produced by monocytes when cultured with tumor CM (Fig. 2) , and neutralization assays revealed that TNF-α was the principle cytokine responsible for this effect (Fig. 3) . We did not use mature macrophages for these assays because they have such high levels of PD-L1 expression that a treatment effect cannot be discerned (data not shown). Furthermore, monocytes derived from TLR2 −/− mice showed decreased sensitivity to B16 CM, suggesting a TLR2-dependent signaling mechanism for regulating TNF-α secretion (and ultimately PD-L1 upregulation) by TAM. We found that the removal of versican from B16 CM significantly suppressed upregulation of TNF-α production and PD-L1 expression by monocytes cultured with B16 CM, indicating that versican produced by tumor cells plays a central role in regulating monocytes (Fig. 5) .
Interestingly, monocytes from TLR2 −/− mice exhibited no decrease in TNF-α secretion compared to WT monocytes following exposure to 4T1 CM. This finding suggests an alternative mechanism by which CM from 4T1 cells induced TNF-α secretion. One possibility is production of MMP-3 by 4T1 cells, as they have been reported previously to produce MMP-3 in culture, which in turn was shown to induce macrophages to produce TNF-α [40, 41] .
Furthermore, we observed large numbers of macrophages expressing TNF-α and PD-L1 within tumor tissues (Fig. 6 ), thus providing in vivo validation of the in vitro observations. We also observed that growth of B16 tumors was significantly suppressed in TNFR −/− mice with decreased expression of PD-L1 by TAM and dendritic cells but not on tumor cells, indicating the overall importance of PD-L1 expression by TAM in the regulation of tumor growth (Supplemental Figure and Fig. 6c ). The reduction in PD-L1 expression by TAM from tumors in TNFR −/− mice would also be expected to enhance anti-tumor immunity, which could account for the reduced tumor growth. These data provide additional in vivo support for the existence of a TNF-α-PD-L1 immune regulatory pathway in tumors.
In summary, our studies provide evidence for a new immune pathway for regulation of PD-L1 expression by monocytes and macrophages in tumor tissues, and potentially in other organs undergoing inflammatory insults. This pathway requires the release of pro-inflammatory mediators (such as versican) from tumors, plus the presence of inflammatory monocytes and macrophages that respond to the inflammation-associated signals by releasing TNF-α in a TLR2-dependent mechanism. The local release of TNF-α in turn leads to upregulation of PD-L1 expression, thereby triggering local immune suppression. Interruption of this pathway could have important therapeutic implications as a means of enhancing anti-tumor immunity. Thus, improved understanding of this and other pathways for regulation of PD-L1 expression by inflammatory monocytes TAM in tumor tissues will be important to the design of newer approaches to tumor immunotherapy [42] [43] [44] .
